Abstract. Determination of blue carbon sequestration in seagrass sediments over 15 climatic time scales relies on several assumptions, such as no loss of particulate organic 16 carbon (POC) after one or two years, tight coupling between POC loss and CO 2 emissions, 17 no dissolution of carbonates and removal of the stable black carbon (BC) contribution. We 18 tested these assumptions via 500-day anoxic decomposition/mineralisation experiments to 19 capture centennial parameter decay dynamics from two sediment horizons robustly dated 20 as 2 and 18 years old. No loss of BC was detected, and decay of POC was best described 21 for both horizons by near-identical reactivity continuum models. The models predicted 22 average losses of 49% and 51% after 100 years of burial and 20-22 cm horizons, 23 respectively. However, the loss rate of POC was far greater than the release rate of CO 2 , 24 both before and after accounting for CO 2 from anoxic particulate inorganic carbon (PIC) 25 production, possibly as siderite. The deficit could not be attributed to dissolved organic 26 carbon or dark CO 2 fixation. Instead, evidence based on 
average losses of 49% and 51% after 100 years of burial and 20-22 cm horizons, 23 respectively. However, the loss rate of POC was far greater than the release rate of CO 2 , 24 both before and after accounting for CO 2 from anoxic particulate inorganic carbon (PIC) 25 production, possibly as siderite. The deficit could not be attributed to dissolved organic 26 carbon or dark CO 2 fixation. Instead, evidence based on between detrital production and mineralisation relative to an alternative and likely non-48 vegetated state (Siikamäki et al. 2013; Gallagher 2017 ). Non-vegetated sediments have in 49 general shown increased rates of mineralisation (Kristensen et al. 1995) 
and mobilisation 50 of dissolved organic carbon (DOC) during resuspension (Koelmans and Prevo 2003). As 51
this is a service in the mitigation of global warming, its extent has been traditionally 52 estimated as the rate at which sedimentary organic mass accumulates over time scales 53 ranging from inter-decadal to centennial (Duarte et al. 2013 , Gallagher, 2015 , 54 subsequently integrated across the meadow. subtract allochthonous recalcitrant forms of carbon such as black or pyrogenic carbon from 61 estimated carbon stocks. Pyrogenic carbon is produced by incomplete combustion of 62 biomass and fossil fuels. It is considered sufficiently stable to be outside the climaticcarbon loop (Liang et al. 2008; Wang et al. 2016) , and thus its storage and sequestration 64 within seagrass ecosystem sediments cannot be counted as a greenhouse gas mitigation 65 service (Chew and Gallagher 2018 ). Mass accumulation rates, the product of 66 sedimentation rates and particulate organic carbon (POC) concentrations, have no assumed 67 significant losses after one to two years within their surface sediments (Cebrian 1999 ). The 68 humification of seagrass, macroalgae and mangrove detritus has been shown to occur over 69 several months after deposition, becoming more recalcitrant after burial (Middelburg 1989; 70 Burdige 2007). Further, any such losses are assumed to be tightly coupled with CO 2 71 emissions, ostensibly from aerobic mineralisation or sulphate reduction (Burdige 1991) 72 whereby the release of ammonia can feed further production. Methanogenesis has been 73 known to play a measurable role within highly organic non-vegetated coastal sediments 74 (Boehme et al. 1996) . However, long-term incubation experiments with marine non-75 vegetative sediments consisting of predominantly, but not exclusively, phytoplanktonic 76 sources suggest that POC continues to be lost within deeper and older sediments (Westrich 77 and Sulphate reduction within non-vegetated coastal sediments has been found to result in 81 sufficient alkalisation to produce CO 2 from the subsequent precipitation of CaCO 3 in the 82 form of particulate inorganic carbon (PIC) (Mucci et al. 2000; Rassmann et al. 2016) . 83
Should this be a phenomenon within anoxic seagrass sediments, then this apparent 84 emission source needs to be balanced with PIC dissolution subsequent to re-alkalisation of 85 the water column after disturbance of the non-vegetated state. This can reduce the water 86 column's pCO 2 , which ironically becomes a net CO 2 sink from the atmosphere, the extent 87 of which depends on the residence time of the water body (Howard et al. 2017) . 88
Aims 89
This study aims, for the first time, to use long-term (500 days) 'open' anoxic slurry 90 incubations to capture the rates and dynamics of POC and black carbon (BC) 91 mineralisation and decomposition within highly organic seagrass meadow sediments in a 92 tropical climate. Incubation was followed by a relatively short period of aeration (30 days) 93 as a model for the immediate effects of disturbance on the mineralisation and 94 decomposition of both POC and PIC. Younger (1-2 years old) surface sediments were 95 used to compare the POC and PIC decomposition and mineralisation rates with that of 96 was added to make up a 400 cm 3 slurry with a final water content of 81.9%. Before the 130 start of the incubation, the slurries were bubbled with N 2 for 25 min and the anoxic status 131 was checked (YSI ProDSS probe) before the Mason jar lids were replaced. To ensure that 132 the sulphate supply was not limiting sulphate reduction, additional sulphate was added in 133 stoichiometric proportion to the measured amount of CO 2 emitted. This was done after the 134 first month and again a further three times over the course of the first 300 days of the 135 experiment. As a further precaution, sulphide and CO 2 traps were placed in the jars' 136 headspace to both inhibit and control any build-up of metabolites and to measure net 137 accumulative mineralisation. The sulphide traps were constructed by using epoxy to fasten 138 a 110-mm-diameter Whatman No. 1 filter paper saturated with 1‰ zinc acetate to the 139 underside of each jar lid. These were strategically folded to present a large total surface 140 area and were placed alongside lead acetate paper strips to visibly detect any ongoing 141 emissions of H 2 S. The filter papers were refreshed with fresh solution after every sampling 142 procedure. The CO 2 traps contained 2 to 3 g of dried high-absorbance-capacity soda lime 143 (Dharmakeerthi et al. 2015) placed in 15 mL polypropylene centrifuge tubes. The tubes 144 were open to the headspace and were replaced after each sampling time for further 145 gravimetric measurements of CO 2 accumulation rates. An additional set of soda lime traps 146 was also placed in four Mason jars filled with filtered boiled seawater (400 cm 3 ), which 147 were added to the incubation cohort as CO 2 procedural blanks (Keith and Wong 2006) . 148
The Mason jar sediment slurries and blanks were all incubated at 30 °C in a 149 constant-temperature room in the dark (covered in Al foil as a precaution against 150 disturbance). The slurries were sampled after 7, 21, 42, 63, 105, 140, 175, 210, 308, 365, 151 400, 420, 470 and 500 days for POC, CDOM, ammonia, pH, and CO 2 . A Day 0 sample for 152 POC was added after the first year. These were taken from the remaining pooled sediments 153 (stored at −20 °C) and replicated with sediments from corresponding horizons within the 154 sediment core used for the meadow's geochronology. At selected times, samples were 155 taken for After 500 days, additional aerated filtered seawater was added to the jars to bring the 158 volume to back to 400 cm 3 and the pH was adjusted to 8.5 with NaOH (Analar). The 159 slurries were again kept in the dark at 30 °C and aerated for 30 days. To remove any 160 possible organic and BC aerosols that might contaminate the slurry, the air was first passed 161 through HEPA filters. The filters also supported a coarse polyester mat impregnated with 162 charcoal. The pH of the slurry was adjusted every few days to maintain acidity betweenpH 7 and 8, and distilled water was added to replace any evaporative loss (Westrich and 164 Berner 1984) . 165
Sampling and analysis protocols 166
The Mason jars were reopened under a N 2 atmosphere and the pH of the slurry water 167 was measured after the sediment had settled (ATC portable PH-107 (PH-009)), and their 168 anoxic status was checked (YSI ProDSS). For sampling of the slurry, a cut-off syringe was 169 used to extract 10 cm 3 of slurry after thorough mixing; the subsamples were placed in 15 170 to PIC by assuming the carbonate species to be calcium salt (Santisteban et al. 2004 ). Sediment cores for the geochronology were collected using a sliding hammer Kajak 225 corer (UWITEC, Austria) equipped with a 6 cm internal diameter polycarbonate core tube; 226 the sediment-water interface was stabilised with a porous polyurethane foam plug. The 227 core was transported vertically under ice to the laboratory for push extraction. Water 228 content, bulk density, pore water salinity and loss on ignition at 550 °C and 950 °C were 229 measured every 2 cm (Gallagher and Ross 2017). The remaining sediment for each 230 horizon was used to determine particle size (laser diffraction, LSST-Portable, Sequoia,model: 220 Type B); after drying (50 °C) and storage for three months, 210 Pb , 226 Ra and 232 137 Cs radionuclide analysis was performed using gamma spectroscopy at the Malaysian 233
Institute of Nuclear Technology (MINT). 234

Decomposition model 235
The While the depth of the storm facies were similar, it was clear from the 210 Pb activity 293 profiles that the sedimentation dynamics within the baseline sediments were very different. 294
The Salut meadow, an embayment isolated at the head of the branch and fed by a rivulet, 295 supported peaks in activity at around 10 cm (Fig. 2) , in contrast to a general decay in 210 Pb 296 activity from the surface of the Mengkabong meadow (Fig. 2) , an embayment isolated 297 from the main branch. The difference in dynamics was also highlighted in the inability to 298 detect any 137 Cs activity from atomic fallout events within Salut sediments, which were 299 evident as significant 137 Cs activity between 5 cm and 13 cm, peaking at 5 cm down the 300 Mengkabong meadow core. This relatively shallow signal is consistent with blow back of 301 fallout from the 2011 Fukushima Daiichi nuclear accident (Kaeriyama 2017) . These show relatively high sequestration rates near the top of the range, even before any 319 correction for loss over time (Fig. 2) . 320
Incubation experiment 321
Throughout the incubation experiment, the pH of both surface sediments and 322 sediments taken from 20-22 cm became increasingly acidic over time (Fig. 3) . The older 323 sediments taken from 20-22 cm were more acidic and remained invariant and acidic. 324
Surface sediment slurries, in contrast, were initially less acidic; however, their acidity 325 increased over time, reaching an asymptote after 300 days equal to that of the older 326 sediment slurry. The experiment failed to detect the presence hydrogen sulphide within thejar's headspace (no blackening of the lead acetate strips) that would infer ongoing sulphate 328 reduction. 329
While the initial BC represented a modest fraction of the POC (0.079 and 0.067 330 mole/100 g or 11% to 13%), its influence on the POC dynamics was not apparent as there 331 was no significant decay in the BC content over the 500 days, and RC solutions with the 332 time series failed to converge. The anoxic decay of POC for the surface and older 20-22 333 cm horizon sediments fitted the RC model well, and the separation of the terms was within 334 acceptable limits (Fig. 4) . Surface sediment POC content was greater than sediments taken 335 from 20-22 cm. However, we found no significant difference in their RC decay and 336 apparent age parameters for the decomposable fraction (Fig. 5) 
despite different 337 interdecadal depositional ages (18 years). Projections suggested that both horizons would 338
have lost close to 30% of their POC content within the first several years (6 to 7) 1 . 339
Nevertheless, the overarching dynamics were such that both horizons converged to losses 340 of around 49% and 51% after 100 years of burial. 341
In contrast to POC, the dynamics of PIC, DOC and NH 3 were not continuous. After 342 around 300 days, the carbonate content started to increase for both sediment horizons and 343 appeared to move toward an asymptote. This was accompanied by an increase in ammonia 344 and a decrease in DOC content (Fig. 3) after the ammonia content had first fallen and the 345 DOC content increased (Fig. 3) . DOC and ammonia pools were notably an order of 346 magnitude smaller than POC. Only the cumulative CO 2 , after correction for PIC 347 generation after the 300 days, showed steady-state dynamics which slowed towards an 348 asymptote (Fig. 6) . However, there appeared to be a notable deficit in the amount of CO 2 349 emitted for the amount of POC decomposed, in particular for the deeper, older sediment 350 horizon. Furthermore, the PIC and ammonia levels increased by 50.57% (SE = 1.44, n = 4) and 73.19% (SE = 2.17, n 362 = 4), respectively, while DOC levels dropped by 28.44% (SE = 4.89, n = 4). 363
Aeration incubation 364
The short aeration pulse over 30 days after the completion of the 500-day anoxic 365 incubation showed a large decrease in POC (18.86%, SE = 4.09, n = 4 for surface 366 sediments; 16.99%, SE = 5.04, n = 4 for sediments from 20-22 cm), outside that of the 367 parameters of the anoxic mineralisation models (Fig. 4) . This increase in decomposition 368 was also in line with a disproportionate increase in DOC over the anoxic mineralisation, 369
confirming that for both horizons, organic aging had little effect on the recalcitrance of the 370 buried POC. 371
Discussion 372
Decomposition 373
Assuming the incubation was sufficiently long to capture interdecadal decay parameters, it 374 appears that POC deposited, on average within one to two years of deposition may suffer 375 significant losses over climatic scales (49% to 51%). However, we must suggest caution in 376 applying the surface horizon extrapolations as a generalisation to seagrass beds in other 377 locales, as such sediments will inevitably change their redox status from an aerobic to an 378 anaerobic dominated form of mineralisation. Aerobic mineralisation is clearly the more 379 rapid of the two, the result of greater efficiency in the mineralisation of the recalcitrant 380 fractions (Kristensen et al. 1995) . As well as changing redox conditions, the nature of the 381 organic mixture will likely affect the decay parameters of the RC model. Clearly, the 382 remaining half of the organic carbon, a seemingly recalcitrant fraction, is more than can be 383 accounted for by the <10% contribution of the BC alone. It is also unlikely in this case that 384 any presence of phytolith occluded carbon was responsible given that the BC methodology 385 may have inadvertently included this form (Chew and Gallagher 2018 Material), but only to levels to which the carbonate appears to be reaching an asymptote 450 (~0.15 mol 100 g −1 , Fig. 3 ). 451
What is clear, however, is that the overall CO 2 dynamics observed fall well short of 452 accounting for the continued loss of POC irrespective of PIC and DOC. By itself, this 453 implies that there must be another mineralisation product. As far as we are aware, methane 454 formed from methanogenesis is the remaining alternative. (Boehme et al. 1996) . Why methanogens should 462 dominate mineralisation over sulphate reduction is not clear. Perhaps it is due to the high 463 acidity of sediments seemningly supplied from the adjacent mangrove mudflats (Marchand 464 et al. 2004 ) and iron reducing bacteria (Koschorreck 2008) . 465
Conclusions 466
The incubation experiment appears to capture the long-term decomposition parameters for 467
POC. The RC model seems to indicate that current estimates of carbon sequestration may 468 be significantly overestimated, in this case by around 50%, unless corrections can be made 469 for loss over centennial time scales. Furthermore, much remains to be investigated on the 470 coupling of POC losses to greenhouse gas emissions that have different atmospheric 471 warming effects and the roles of processes post disposition, such as dark CO 2 fixation and 472 carbonate formation on net CO 2 emissions. Without certainty in both the estimates and the 473 conceptual model, there will not be sufficient certainty in the estimates of carbon storage 474 and sequestration services rendered by seagrass ecosystems for use in cap-and-trade 475 carbon markets to embrace these ecosystems as part of a solution to climate change. 476
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